ABSTRACT
INTRODUCTION
Adsorption refrigeration and heat pumping devices have the potential to reduce harmful and greenhouse gas emissions (CO, CO 2 , NO x , SO x …) and to produce substantial fuel savings. The primary energy source for state of the art Mobile Air Conditioning (MAC) systems in cars is mechanical power produced by the engine, to drive the compressor, and electric power to run the fans, which in turn is again derived from the mechanical power from the engine itself. The air conditioning system has a considerable impact on fuel consumption.
For a B class car on an urban cycle under severe ambient conditions (35°C and 60% RH) it can increase car fuel consumption by up to 70% [1] . The CO 2 emissions due to the use of MAC ranges from 4 to 8% on a yearly basis. This is equivalent to CO 2 emissions from 5 to 10 Million tons of CO 2 per year in Europe and correspondingly more globally [1] .
The major technical challenges to developing a sorption system to use the waste heat of a car engine are:
1. Reducing the size sufficiently to fit within the required space, 2. To obtain a sufficient Coefficient of Performance (COP) to deliver adequate cooling to the vehicle under all driving conditions. The intensification of heat transfer within sorption generators has been the focal point of adsorption refrigeration R&D at Warwick University, aimed at high power density and COP for both cooling and heating systems. The concept of a plate heat exchanger (PLATEX) applied to sorption generators (adsorber/desorbers) for cooling and heat pump applications has been investigated and has proven to be interesting. Initial computational modelling of a compact generator using the carbon-ammonia pair reveals an attractive performance: specific cooling power (SCP, the cooling power per unit mass of adsorbent) from 1 kW kg -1 carbon up to 6.5 kW kg -1 carbon; specific heating power 0.250 kW kg -1 carbon up to 2.5 kW kg -1 carbon with cooling COP varying between 0.5 and 1.2 [2, 3] .
In the EU-TOPMACS (Thermally OPerated Mobile Air Conditioning System) project, co-ordinated by Centro Richerche Fiat, a system is being designed for a Class C passenger vehicle. Table 1 shows the required cooling power for 'Normal' use, i.e. transient urban driving cycle use. This is actually the most demanding condition for a waste heat driven system, because the quantity of waste heat can be limiting. Analysis of the heat available from the car's exhaust and cooling water in both urban and highway driving conditions reveals firstly that the heat recoverable from the exhaust is too variable and is insufficient to drive a sorption system under urban driving cycles and secondly that there will probably be extreme conditions when either storage (of cold or heat) or a backup heat source for the sorption chiller will be needed. The chosen solution is to rely on a backup heater using the vehicle's fuel which is diesel oil. Provided the auxiliary heat is only needed infrequently there will still be considerable fuel savings. The 80°C driving temperature corresponds to waste heat operation solely and the 90°C to waste heat boosted by auxiliary heat.
In 'Extreme' conditions (motorway driving at an ambient temperature of 38°C) heat is available at 90°C and a COP of 0.24 is required. This is easily achievable with the system described below and we will concentrate on performance under the more onerous 'Normal'
conditions.
There is also a 'cooldown' test condition: water inlet to condenser and adsorber 48°C, evaporating temperature 20°C, cooling power 4kW. This corresponds to starting the system after the car has been left for a long time in a hot environment.
A further requirement is that the total system volume should be less than 16 litres and mass less than 35 kg.
SYSTEM DESIGN
It is well known that for all sorption systems there is a trade-off between the internal thermal regeneration employed (and hence efficiency) and the power density that can be obtained (and hence physical size for a required cooling capacity). In the case of car air conditioning with a driving temperature of no more than 95°C and ambient temperature that could have a typical value of 30°C there is very little gain to be had from complex many-bed configurations, and a simple two-bed system with mass recovery was selected. Figure 1 is a system schematic. Valves V1-V4 may be set so that hot water from the engine cooling jacket passes through Generator (adsorber/desorber) G1 whilst water from a fan coil cools Generator (adsorber/desorber) G2 towards ambient, or vice versa. Operation is straightforward:
1. Generator (adsorber/desorber) G1 is heated by water from the engine cooling circuit, desorbing ammonia which flows through the check-valve V6 to the condenser, where it condenses, rejecting heat to ambient air and then through the refrigerant expansion valve (throttle) V5 to the evaporator where it boils and chills the water-glycol mixture that cools the vehicle cabin. The low-pressure ammonia gas passes through check valve V8 to G2 where it is adsorbed. The heat of adsorption is removed by pumped water that is circulated through an air cooled heat exchanger via pump P2 and valves V3,V4.
2. External heating and cooling of the beds stops whilst valve V10 is briefly opened for mass recovery. This allows a rapid transfer of ammonia from G2 to G1 as the pressures equalise. The effectively adiabatic desorption from the hot, previously high pressure bed results in a further reduction in concentration and a corresponding increase of the concentration of the cold previously low pressure bed. The increased concentration swing over the whole cycle results in both higher cooling power and COP.
3. Now G2 is heated to desorb ammonia and G1 cooled to adsorb ammonia as in phase 1 but with G1 and G2 interchanged. Ammonia flows from G2 through V9, condenser, expansion valve V5, evaporator, check valve V7 to G1. When brazed to 0.25 mm thick plain shims the pairs form the required water flow channels.
Between each of the shim pairs a 4 mm thick U-shaped spacer contains the carbon adsorbent.
A total of 28 shim pairs, 29 spacers and 2 end plates are nickel brazed in one operation to form the core of the adsorption reactor ( Figure 3 ). The water manifold is also shown and a close view of the channels through part of the manifold in Figure 4 . The whole assembly, in Figure 5 , shows the flanges needed to retain the walls against internal ammonia pressures of up to 30 bar. The ammonia inlet/outlet connection is in the centre of the upper face. The threaded tie rods enable the reactor to be dissembled but a production version would be welded and hermetically sealed.
The carbon used (Chemviron SRD1352/3) is compacted into the 4 mm slots and initial estimates were that its effective conductivity would be 0.4 W m -1 K -1 . The ammonia mass concentration (x) as a function of temperature (T) and saturation temperature (T sat ) is given by the Dubinin equation [5] as modified by Critoph [7] :
Where:
x 0 = 0.4288 is the saturated mass concentration (kg adsorbate / kg adsorbent), k = 12.5626 and n = 1.7366 are constants found by experimental curve fitting to porosity data measured using a Rubotherm magnetic suspension balance.
T is the temperature (K)
T sat is the saturation temperature corresponding to the adsorbate pressure (K)
For testing in the laboratory, two sorption generators were constructed in a test rig as shown in Figure 6 . Hot and cold water tanks of 120 litres capacity were used to provide water for heating or cooling the generators in a controlled fashion and solenoid valves enabled rapid switching of the hot and cold flows to each generator.
The ammonia leaving either generator was directed via a check valve to a water cooled plate condenser, rather than an air cooled condenser as in the vehicle application. This was more convenient in the laboratory when trying to maintain steady condensing conditions. The liquid ammonia was metered via two solenoid valves into a large flooded evaporator; again this was convenient for maintaining steady conditions in laboratory tests. The evaporator was used to chill a steady controlled water flow and the temperature drop monitored by K-type thermocouples.
As stated above, the total system volume should be less than 16 litres and mass less than 35 kg. Table 3 gives the mass and volumes of the whole system and components. The total volume is slightly over target, but achievable in a future version.
EXPERIMENTAL RESULTS
The sorption generator was initially evacuated and then filled with enough ammonia in order to raise the pressure to just above atmospheric, with the condenser and receiver The heat transfer performance can now be determined from these test results. Since no temperature was measured for the stainless steel shims of the sorption generator, only an overall heat transfer coefficient for the unit as a whole can be determined entirely experimentally. However, since the flow within the shims is laminar, the heat transfer coefficient in the fluid can be determined with some confidence. Additionally, the heat transfer coefficient in the fluid is an order of magnitude greater than that in the carbon adsorbent. Therefore, the heat transfer coefficient in the adsorbent can also be estimated from the experimental results. The heat flux per unit temperature difference (UA in W K -1 ) value for fluid heat transfer has been calculated above at 4150 W K -1 . From this and the overall UA value for the unit (as calculated from the measured heat input to the cooling water and lumping the thermal mass halfway to the centre of a carbon layer), the thermal conductivity of the carbon adsorbent can be calculated. This is carried out for the first cooling phase of the two cycles as shown in Figure 8 (The second cycle gives substantially the same results).
During the first 5 second period, the heat exchanger shims are heating rapidly which distorts the overall UA value of the unit and creates the apparent high adsorbent thermal conductivity.
When a more stable state is reached and the majority of the heat transfer is to the carbon, a true value for the adsorbent conductivity can be obtained. The average value of 0.42 W m -1 K -1 was calculated over a ten seconds measurement period. After this period, the fluid inlet and outlet temperatures become too close to determine an accurate value for the heat output due to measurement noise. The experimental value is extremely close to the 0.4 W m -1 K -1 which has been assumed in previous computational modelling and was based on experimental measurements.
The prototype was subsequently tested for its cooling production while mounted on the full laboratory air conditioning system test rig driven by heat from water at up to 90ºC. At the modest driving temperature of 90°C the benefit of thermal regeneration between the two generators is minimal and only mass recovery was used. One generator temperature and pressure cycle with 90ºC driving temperature is shown in Figure 9 . The bed is initially at its maximum temperature of 88°C. The combination of mass recovery (briefly opening a valve to the low pressure bed) and the sudden influx of cooling water results in a rapid drop in both temperature and pressure to about 55°C and 7 bar within about 5 seconds. The lower pressure and temperature result in a greater rate of adsorption of gas from the evaporator and an increase in the cooling power as can be seen in Figure 10 . For the remainder of the half-cycle time of 75 seconds the cooling rate reduces as the bed temperature approaches the cooling water temperature and the cooling power (proportional to the rate of adsorption) declines from a peak of 2.3kW to 1.0 kW. There is a corresponding slight increase in the evaporating pressure during this period. At 75 seconds the mass recovery operation is carried out, hot water is switched to the bed and the pressure and temperature rise rapidly for the first 10 seconds. The rate of change of temperature decreases as the temperature difference between bed and heating water decreases; the rate of desorption and hence condenser heat rejected falls, corresponding to the slight drop in the condensing pressure. The cooling power ( Figure   10 ) from 75 to 150 seconds corresponds to the vapour from the evaporator going to the other bed. The cooling power in both half cycles is not completely identical, but this is due to minor and unintentional differences in the generators, occurring during the manufacturing process. The test conditions and results are presented in Table 4 improve the COP by up to a factor of 4 [7] . Figure 11 shows the cooling power with a driving temperature of 80°C. It can be seen that the cooling power drops from 1.6 to 1.26 kW. The COP was 0.23 which is below the target of 0.52 and the SCP dropped to 650 W kg -1 carbon. The increased COP compared to the 90°C driving temperature case is due to the fact that the cycle time had not been optimised. The cycle time chosen was based both on simulation and some preliminary experimentation which indicated that it gave reasonable results. There will in fact be different optima maximising power or COP for different conditions. Later work will investigate the variation in detail.
The effect of coolant flow rates through the generator from 0.46 to 1.25 m 3 h -1 is presented in Figure 12 . It can be seen that the effect of the flow rate on performance over the range tested is minimal, cooling power ranging between 1.4 and 1.6 kW and with no measurable difference in COP. The system should therefore not be significantly affected by the variation in the coolant water flow rate from the engine during the driving cycle.
The effect of varying the cooling loop inlet temperature to the evaporator is shown in Figure 13 . The dramatic effect of decreasing evaporating temperature is evident, cooling power drops from 1.6 to 1.0 kW and COP drops from 0.22 to 0.15 as the water outlet temperature drops from 15 to 7.5°C. The approach between the saturation temperature and the water leaving the evaporator is fairly stable at about 2.5°C.
CONCLUSIONS
A pair of plate heat exchanger sorption reactors have been built and tested successfully in a laboratory test rig. SCP's as high as 800 W per kg of adsorbent have been achieved.
Some, but not all of the thermal performance criteria have been met or exceeded. The current preliminary performance will be improved when operating the system with both mass and heat recovery; and with an optimised control strategy. 
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